Abstract: Landscape ecological risk assessment can effectively identify key elements for landscape sustainability, which directly improves human wellbeing. However, previous research has tended to apply risk probability, measured by overlaying landscape metrics to evaluate risk, generally lacking a quantitative assessment of loss and uncertainty of risk. This study, taking Liaoyuan City as a case area, explores landscape ecological risk assessment associated with mining cities, based on probability of risk and potential ecological loss. The assessment results show landscape ecological risk is lower in highly urbanized areas than those rural areas, suggesting that not only cities but also natural and semi-natural areas contribute to overall landscape-scale ecological risk. Our comparison of potential ecological risk in 58 watersheds in the region shows that ecological loss are moderate or high in the 10 high-risk watersheds. The 35 moderate-risk watersheds contain a large proportion of farmland, and the 13 low-risk watersheds are mainly distributed in flat terrain areas. Our uncertainty analyses result in a close range between simulated and calculated values, suggesting that our model is generally applicable. Our analysis has good potential in the fields of resource development, landscape planning and ecological restoration, and provides a quantitative method for achieving landscape sustainability in a mining city.
Introduction
Landscape sustainability is defined as the capacity of a landscape to consistently provide long-term, landscape-specific ecosystem services, which is essential for maintaining and improving human wellbeing [1] . Sustainability is an object that not only meets the demands of humans nowadays, but also ensures future benefits. Thus, the forecast for future benefit and security is critical in sustainability research. Risk assessment, which focuses on future damages, is appropriate for evaluating sustainability as both of the concepts concern the future benefits and security of system. In other words, ecological security framework for ecosystem health protection and ecological risk control are essential for the improvement of ecological sustainability in regions and landscapes [2] . Therefore, ecological risk assessment is one effective way to determine regional and landscape-scale ecological sustainability [3] . In 1989, Hunsaker defined regional ecological risk assessment as the evaluation of regional-scale risk faced by environmental resources, or the risk caused by regional-scale pollution and natural disturbance [4] , and he proposed to apply ecological risk assessment to regional and landscape scales in 1990 [5] . In the decade that followed, a series of ecological risk assessments were conducted in watersheds and other large areas [6] [7] [8] [9] [10] . However, growing recognition of the interplay of factors that might influence risks faced by ecosystems, such as global urbanization, land use change, and climate change, has led to the realization that unilateral risk management is unlikely to be useful in the management of complex systems. The need for a multilateral approach that incorporates the roles of various landscape factors in influencing risk and, therefore, sustainability was addressed with the first landscape ecological risk assessments that were conducted in the 21st century [11] .
Landscape ecological risk refers to the possibility of harm to the structure and function of ecosystems from disturbances, such as human activities and natural disasters [12] . Landscapes are typically impacted by multiple disturbances that operate at different spatial and temporal scales [13, 14] . Therefore, in contrast to general ecological risk assessment, landscape ecological risk assessment comprehensively assesses various types of potential ecological impacts, and their cumulative effects. It explores the effects of a variety of hazards for large-scale units, and is the complement and expansion of general ecological risk assessment. Landscape ecological risk assessment also accounts for differences in ecological characteristics and risks between different landscapes and assessment units via spatial heterogeneity, and time-series analyses. For example, Graham et al. used contagion index to evaluate the regional ecological risk considering the terrestrial and aquatic linkages, and the landscape pattern [15] ; Kapustka et al. suggested risk management countermeasures grounded in landscape ecology [16] ; Liu et al. drew attention to potential ecological risks caused by the intensification of soil erosion, and ecological vulnerability [17] .
Within the last decade, landscape ecology work in China has produced relatively independent quantitative evaluation models which took landscape patterns and function into consideration [18] . One such model provides a landscape ecological risk index developed from spatial patterns and several indices, such as disturbance and vulnerability indices [19, 20] , landscape exposure, stability, and external pressure indices [21] , as well as threat and intensity indices [22] . However, models of these type tend to calculate risk directly from probability values by the superimposition of landscape pattern indices, ultimately predicting only the probability of the occurrence of an adverse ecological event, and paying little attention to the probability of ecological losses following the event. Models based on threat and intensity indices focus on ecological risk caused by external threats, and ignore the inherent features of landscapes, including their vulnerability, resilience, stability, and the value of certain landscape features. Some other models, that characterize risk loss (the loss of risk), by calculating ecosystem services, are often limited by the direct conversion of land use, and fail to consider the effects of landscape patterns on it [23] . In addition, uncertainty analysis methods, highlighted in ecological risk assessment, is essential for the reliability of the results, and it has drawn increasing attention from scholars [24] .
Mining area is a special man-land system, where people are engaged in complex interactions with land, for the exploitation of mineral resources, which has caused serious impacts on the environment [25, 26] . Ecological risk assessment plays an important role in both theoretical support, and practical guidance for the implementation of regional sustainable development, and ecological restoration in mining cities [27] . Environmental problems in mining cities result primarily from mining itself, and ecological risk assessment in these cities should be built on the specific social, economic, and natural environments of the mining city in question. When combined with traditional ecological problems and risk type analysis, landscape ecology can form an important component of ecological risk assessment. Current work on ecological risk assessment in mining cities in China largely address the ecological effects of mining on soils, such as heavy metal pollution [28] , land use, vegetation and landscape patterns [29, 30] . However, quantitative assessments of integrated ecological risks stemming from a variety of risk sources, targeting a number of risk receptors, and driving varied ecological effects, are scarce.
Mining landscape ecological risk assessment entails the analysis of the direct and indirect risks posed by mining on a macro-scale in view of overall regional sustainability. It will be an important warning, as well as a practical guide for the planning and sustainable development of mining landscapes, including mining cities. In this study, using Liaoyuan known as the coal capital of Jilin Province as a case study, a mining landscape ecological risk assessment was quantitatively explored. Liaoyuan belongs to the first batch of China's resource exhausted cities, and urban development and environmental protection have been significantly influenced by mining activities. In the transformation of economic development, the urban ecological problem and regional ecological risk can probably be stimulated. As a result, ecological risk assessment at landscape scale is in great need to provide a spatial approach for ecological security and sustainability. Specifically, the goals of this study were to (1) quantify the disturbance and vulnerability degrees of the landscape using multiple indicators developed on the basis of traditional landscape pattern indices for mining cities; (2) calculate the risk of loss based on the landscape pattern index, in order to explore a new model for the landscape ecological risk assessment of mining cities; (3) construct landscape ecological risk zoning based on risk assessment results to provide direction for the sustainable development of mining cities; and (4) conduct landscape ecological risk uncertainty analysis to verify the reliability of our risk evaluation results.
Materials and Methods

Study Area and Data Source
Liaoyuan Prefecture City (5140 km 2 ; 42°17′40″N to 43°13′40″N, 124°51′22″E to 125°49′52″E), which contains 33 towns, lies in the south-central part of Jilin Province, China. It is upstream of the Dongliao and Huifa Rivers, within the transition zone between the Changbai Mountains and the Songliao Plain, and across Liaohe River and Songhua River (Figure 1 ). Liaoyuan enjoys a semi-humid, temperate, and continental monsoon climate, with abundant water, and forest resources. Liaoyuan is a coal resource-based city. By the end of 2007, 33 types of minerals had been discovered in Liaoyuan, of which coal and building stone comprise a large proportion. There are 152 mineral ore fields in Liaoyuan, most of which are small, and their distribution is concentrated. Mining has boosted economic development in the region, but has also resulted in severe damage to regional eco-environment. The environmental problems such as ground subsidence, air pollution, and excessive heavy metal waste production, have had serious impacts on local people's life and social development [31] . In March 2008, the National Development and Reform Commission (NDRC, China) listed Liaoyuan in the first batch of resourceexhausted cities that were in urgent need of transformation in economic development. The land use data is from the second national land survey of Liaoyuan. According to land use classification and planning criteria published by China Land Resource Bureau, the landscape of Liaoyuan may be divided into 8 types, i.e., woodland, grassland, cropland, garden, water body (including rivers, surface water ponds and reservoirs), wetland (including inland beaches and marshes), built-up, and unused land (including bare, sandy and saline land; Figure 1 ). Among these types, wetlands and unused land refer to natural reserves referring to the secondary indicators of classification system.
In this study, cities, rural settlements, mining sites, and other construction sites are treated as ecological risk sources, and natural and semi-natural landscapes are treated as risk receptors, whose risk is assessed. The location of mines is provided by Liaoyuan City Land Bureau, which is used for evaluating the disturbance of mines. Data on gross regional product, population, industry, and other socio-economic data is taken from the "Liaoyuan Statistical Yearbook (2009)" and "Liaoyuan Yearbook (2010)" to measure the development of Liaoyuan [32, 33] . Based on a 30 m × 30 m Digital Elevation Model (DEM) image, and 1:200,000 topographic maps of Liaoyuan, in 2009, the study area is divided into 58 small watershed basins (Figure 2) . Watershed, which in relation to hydrology process and topography, can determine ecosystem processes in a relatively integrated region without being subjectively sliced. Thus, since watershed unit contains more ecological meanings than town unit, it is set as assessing units for landscape ecological risk assessment. The hydrological analysis module (Hydrology) of ArcGIS10.0 is used for zoning the study area. 
Calculation of Landscape Ecological Risk
The formula for risk measurement is the methodology basis of regional landscape ecological risk assessment [34] . In this paper, overall landscape ecological risk (R) is calculated as a function of the probability of ecological risk (P), and risk loss (D), wherein P is the product of ecological disturbance (E) and ecological vulnerability (V), and risk loss represents ecological importance (S). However, the final probability (between 0 and 1), sometimes, may be too small to have a meaningful impact on the partitioning of ecological risk. In order to avoid such insignificant values, the cube root result of proposed function is extracted to arrive at final landscape ecological risk.
In order to clarify the management approach most appropriate to a specific landscape ecological risk, such as risk control guidelines, the calculated risk is "zoned" after the risk assessment. First, landscape ecological risk is divided into three grades (high, moderate and low), and then, using the "Natural Break" function in ArcGIS10.0, the risk is stacked onto ecological risk probability, together with risk loss, to produce a map of landscape ecological risk zones.
Ecological Disturbance
Ecological disturbances are relatively discrete events that alter ecosystems, communities, or demographic structure, and result in changes in resources, substrates, or the physical environment [35] . It is the external cause of regional ecological risk, and one of the main sources of landscape heterogeneity [36] . Land use degree is a representation of how broad and deep landscapes are utilized under the influence of a combination of human activities and social development factors [37] . It reflects not only the natural attributes of the land, but also the comprehensive effect of human activity on the land [38] . However, land use degree represents only current patterns of disturbance, and does not incorporate, in its measure, the probability of future human disturbance. Thus, on the basis of previous researches on land use classification, in this study, a model of landscape ecological disturbance (E), which attempts to incorporate settlement, mining, and road disturbances into the overall measure of human disturbance, is constructed, (2) where U is landscape disturbance; M, R, and T are mining, settlement and road disturbances, respectively, and a, b, c, d are weights (of 0.4, 0.3, 0.2, and 0.1, respectively) assigned to each disturbance parameter such that a + b + c + d = 1.
Mining, settlement, and road disturbances (M, R, and T) are calculated using the "Buffer Analysis" modules in ArcGIS 10.0. Based on the characteristics of the disturbance and the decreasing relationship between the magnitude of influence of the disturbance and distance from its source, where different buffers are set to measure the influence of different disturbances (Table 1) . On the other hand, the influence of mines and settlements are assigned maximum values in area where they overlapped, and the influence of roads is assigned summation due to its additive effects. Depending on the intensity of human activities, different landscapes are assigned different levels to quantify the influence of human activities on landscape disturbance. These levels are as follows: unused (0.2), natural renewable (woodland, grassland, water body, and wetland; 0.4), half natural renewable (cropland, and garden; 0.6), and artificial non-renewable (built-up; 0.8). Table 1 . Influence values of various disturbances based on the size of the disturbance and the distance from the disturbance source. 
Ecological Vulnerability
Ecological vulnerability (V), an integral part of ecological risk assessment, refers mainly to the vulnerability of ecosystems to the strong external disturbance [39] , and is a function of vulnerability of landscape type, and vulnerability of landscape structure. Ecological vulnerability of landscape type denotes the probability of the landscapes to deviate from their steady states, or suffer enormous damage from outside interference. Landscapes are classified into seven kinds and given different weights: unused land (7), wetland (6), water body (5), cropland (4), garden (3), grassland (2) and woodland (1), then normalized, and finally multiplied by the area ratio of that type of landscape to the surrounding landscape, to obtain the ecological vulnerability of landscape types.
Based on the pattern-process feedback mechanism, in landscape ecology, landscape patterns can also affect ecological vulnerability, and thereby, landscape ecological risk. As an intrinsic attribute of ecosystems, ecological vulnerability is closely related to ecosystem sensitivity, resilience, and stability [40] . Ecosystem sensitivity refers to the ecosystem's internal adaptive capacity to external pressure or external interference; ecosystem resilience is its ability to recover from these interferences; and ecosystem stability represent the ability to maintain the normal dynamic ecological system. Different landscape types, with different sensitivity and resilience, may play different roles in maintaining biodiversity, protecting species, improving landscape structure, and promoting the overall functioning of the landscape [41] . In this study, such two indicators as landscape fragmentation and area ratio of various landscapes whose slope is greater than 15°, are used to measure ecological sensitivity. The fragmentation of a landscape by natural or human factors is a consequence of changes in landscape patterns, from a continuous structure to patches, and more fragmented landscapes with greater slopes are assumed to be more ecologically sensitive. Ecological resilience, assumed to be positively related to landscape connectivity (the degree to which the landscape facilitates or impedes movement among resource patches), and landscape dominance (the degree to which one or a few land cover types predominate the landscape in terms of area proportion), is calculated as a function of these terms based on the formula described by Wu et al. [31] ; weights were assigned using the "Analytic Hierarchy Process" in Matlab R2010a (Table 2) . 
where i is landscape type, j is basin unit, k is ecological vulnerability of landscape type, L is structural vulnerability, F is ecological sensitivity, and C is ecological resilience.
Ecological Importance
Ecological importance refers, fundamentally, to the intrinsic value of an ecosystem. Thus, the greater the ecological importance of a landscape (as measured by the importance of various constituent landscapes or units in the region), the greater the ecological loss associated with adverse impacts on it. In this study, the value of ecosystem services is used as a measure of ecological importance, as suggested by Costanza et al. [42] and Xie et al. [43] .
Ecosystem services are vital functions of the life-support system [44] . They contribute to human welfare, both directly and indirectly, and therefore represent a portion of the total economic value of the planet [42] . Ecosystem services value is the product of interactions between nature and humans, and is directly affected by human activities via changes in landscape patterns [45] . It is also closely related to the spatial distribution of landscape, whose impact may be negative. Landscape fragmentation is a driver of biodiversity loss [46, 47] . Increase in fragmentation, implying corresponding increases in patches, leads to reduction in ecosystem services, and therefore decrease in ecosystem services value. In this study, landscape fragmentation is incorporated into the calculation of the ecosystem service value of each watershed, and ecological importance (S) is modeled as follows:
where i is type of landscape, j is the assessing unit, Vi ' is the ecosystem services value of the original ecosystems, Vi is the ecosystem services value after fragmentation disturbance, Fij is the landscape fragmentation of type i in watershed j, Fi is the fragmentation of landscape type i in the whole study area, Aij is the area of type i in watershed j, and Aj is the total area of watershed j.
Monte Carlo Analysis of Assessment Uncertainty
Uncertainty, in the form of incomplete information and data, and diversity of risk sources, is inevitable in ecological risk assessment. As a part of results of probabilistic uncertainty analysis, sensitive analysis reflects dynamic disturbance of the evaluation results of each parameter [48] . It judges the impact of each parameter by its correlation with evaluation results. If the correlation is high, the parameter has great influence on the result and it is sensitive. Especially for a multi parameter model, sensitive analysis can identify the parameters with higher influence on the evaluation results, so that in the further analysis, we can take effective measures to reduce the uncertainty.
In order to make the results more robust, it is necessary to carry out uncertainty analyses using Monte Carlo methods, which explores the uncertainty associated with the ecological risk assessment process, and its possible impact on results. Based on a Monte Carlo analysis, uncertainty arising from land use classification assignments, and their associated ecological vulnerability, are explored using the program Crystal ball 11.1.2.2.000. Specifically, the simulation computing sets two possible uncertainty distributions (low 20%, high 40%), and carries out 10,000 simulative iterations to calculate the simulated value (Tables 3 and 4 ). Outliers are excluded by working within a 95% confidence interval; i.e., simulation results above the maximum 2.5%, and minimum 2.5% were excluded before the final simulated value is calculated. Setting Table 3 as an example, we define that the uncertain values should be attributed to the adjacent class. On one hand, the low (20%) uncertainty means 80% of the values is unchanged, while the other 20% should change the class. Namely in Level-1, 80% is still in Level-1, 20% will change to the adjacent Level-2. On the other hand, the high (40%) uncertainty means 60% of the values is unchanged, while the other 40% should change the class. Namely in Level-2, 60% is still in Level-2, and 40% will change to the adjacent class, where the proportion of adjacent Level-1 and Level-3 should either be 20%, respectively.
Results
Probability of Landscape Ecological Risk
Based on the data of Liaoyuan City, maps showing the spatial distribution of the four types of disturbances-landscape, mining, settlement, and road-are generated (Figure 3) . The distribution of ecological disturbances in each watershed (Figure 4) , shows that, of the 58 watersheds included in the study, the Banjie River, Donglishu River, and Xiaoliushu River Downstream watersheds have the highest ecological disturbance, and the Dahengdao River Upstream, Dasha River Midstream, and Dasha River Upstream watersheds, have the lowest ecological disturbance. Whereas, in general, ecological disturbance is strongly positively correlated with urbanization and human activities, and in those areas with high ecological disturbances, mines, settlements and roads all strongly influence the landscape types and land uses. In addition, ecological disturbance is significantly correlated with population density (R = 0.76); watersheds with high population densities, have high ecological disturbances. For example, in the Banjie River Watershed, where population density is 2657 person/km 2 , ecological disturbance is 0.4608; whereas in the Muchang River Watershed, where population density is 78 person/km 2 , ecological disturbance is 0.2573.
Ecological vulnerability across watersheds (Figure 4 ) reveals that the Muchang River Watershed has the highest vulnerability, with Erdao River Upstream Watershed for the lowest. Located in the north-central part of the Liaoyuan City, the Muchang River Watershed has the largest reservoir in the study area and is surrounded by mountains, and other landscapes, which isolate it from the surrounding landscapes. Its high landscape topographic index and low landscape connectivity, are likely responsible for its high ecological vulnerability. On the contrary, Erdao River Upstream Watershed, located in northwest Liaoyuan, is a low-lying area with unbroken rivers, large and centrally located croplands, and woodland cover along the river, mainly adjoined by croplands. Spatially, ecological vulnerability increases substantially from the middle to the edges, where the peak appears in the middle, and the higher areas concentrated in the southeast. It is worth noting that regions in relatively flat terrain have high ecological vulnerability, those located in mountainous areas have intermediate levels of vulnerability, and regions located in transitional zones between mountains and plains have the lowest ecological vulnerability.
Ecological risk probability, which is calculated based on ecological disturbance and ecological vulnerability, regardless of ecological losses, is mapped at three levels (low, moderate, and high), for the 58 watersheds ( Figure 5 ). The Banjie River and Xiaoliushu River Downstream watersheds have the highest ecological risk probability, while the low-probability regions, such as the Mei River and Xiaosha River watersheds, mostly concentrated in the southwest, west, northeast and north of Liaoyuan. The overall ecological vulnerability of mountains falls within the moderate and low levels. In summary, the ecological risk probability of mountains (low mountains, hills, and terraces) is lower than that of relatively flat areas. 
Ecological Loss and Landscape Ecological Risk
A map of the ecological importance and thus the ecological loss due to landscape ecological risk for 58 watersheds, divided into three levels (high, moderate, low; Figure 5 ), reveals significant spatial differences across the Liaoyuan City. Sandao River Downstream, Dongliao River Downstream, and Erdao River Downstream watersheds have the highest ecological importance, and Xiaoliushu River Downstream, Banjie River and Donglishu River watersheds, have the lowest ecological importance. The top three most important watersheds are adjacent to one another, and located in the northwest of Liaoyuan, and have a high proportion of little fragmented water bodies, which play an important role in ecosystem services in the watershed. These watersheds also have low proportions of built-up land and cropland, and large proportions of woodland resulting in over 95% of the area of these watersheds consisting of natural and semi-natural landscapes.
The three "lowest loss" watersheds all have experienced high urbanization. Due to urban sprawl, natural and semi-natural landscapes are being continuously converted to built-up land. Consequently, the proportion of construction land in these watersheds is higher than that in others, and resulting in the decline of ecosystem services, and thus their ecological importance. Overall, the ecological importance of watersheds with superior natural resources endowment is higher than that of the watersheds with construction land expansion. That is to say, human activities have a negative impact on the ecological importance of watersheds.
Ecological risk, calculated based on landscape ecological risk probability, and ecological loss, mapped for the watersheds of Liaoyuan City (Figure 6 ), shows that, except for the Muchang River Watershed, regions with high ecological risk (e.g., Dahengdao River Upstream, Mei River, and Xi River watersheds) are concentrated in northwestern and southern Liaoyuan, whereas regions with low ecological risk (e.g., Lala River, Xiwei River, and Banjie River watersheds) are along the southeast-northwest direction. What is more, cities and counties almost belong to low ecological risk areas, which is due to the natural/semi-natural landscapes, as the object of study, have low ecological loss in these areas. Regions with medium ecological risk constitute the majority of the study area, and are concentrated in the northeast, east, and the west. 
Zoning of Landscape Ecological Risk
The results of our zoning (Figure 7) show that 10 watersheds face high ecological risk, 35 watersheds face moderate risk, and 13 watersheds are at low risk. Each of these risk classes is addressed as follows: (1) High-risk areas can be divided into five types, accounting for 18.39% of the total area. These areas are mainly concentrated in watersheds where there are large water bodies, high coverage of grassland and woodland (Figure 7) , such as Muchang River, Mei River and Dahengdao River watersheds. The ecosystem services offered by water, woodland and grassland and other landscapes, such as water conservation, windbreak and sand-fixation, and biodiversity conservation, have important significance for regional eco-environment. Thus, it is important to keep maintaining and strengthening the protection of woodland, grassland through reforestation; (2) Moderate-risk area includes three types, accounting for 62.02% of the total area. In these areas, the area ratio of cropland is larger than that in high-risk areas. Cropland is a semi-natural and man-made landscape which is vulnerable to human activities. During the long winter in the Northeast China, as the fallow period is long, cropland may be frequently destroyed by human activities and weather disasters. Therefore, it is necessary to strengthen the management of cropland and prevent soil erosion; (3) Low-risk area comprises three types, mainly in relatively flat terrain in the northwestern, accounting for 19.59% of the total area. The area ratio of built-ups in these areas is higher than the other two, while the area ratio of natural and semi-natural landscape is the lowest, as it is deeply influenced by human activities.
Figure 7.
Landscape ecological risk zoning and total area of land use types in each grade of landscape ecological risk in Liaoyuan City, China (Note: R means ecological risk, P means ecological risk probability, and L means ecological loss).
Discussion
Implications of Assessment Results of Landscape Ecological Risk
In the view of ecological risk probability, the high probability may be accounted for by the fact that these watersheds are relatively flat, and adjoin the city and county centers (which are suitable for human habitation, and have higher human disturbances than other areas). The low-probability regions are exposed to the lowest amount of human activity. However, although human interference in mountainous regions is lower, the ecological sensitivity of these regions is high due to the effects of terrain and slope. Nevertheless, the high or complete vegetation coverage of mountainous lands results in high ecological resilience, such that the overall ecological vulnerability of mountains falls within the moderate or low levels. This phenomenon results in a relatively high ecological risk probability in flat areas.
In the view of landscape ecological risk, the areas with high urbanization are faced with lower risk than rural areas with good ecological conditions, a pattern that is consistent with the findings of Guo et al. for Beijing [49] . Despite this, we recommend that that watersheds with low ecological risk should not be damaged, but rather their protection must be strengthened, and attention should be paid to the reduction in their extant, albeit low, levels of risk. In the zoning of landscape ecological risk, the internal city and the surroundings are of high possibility to be transformed into built-ups due to urbanization. Therefore, the planning and construction of these areas should pay more attention to protecting the integrity and connectivity of natural and semi-natural landscapes, and changing the growth mode to the approach of sustainable development.
Uncertainty of Landscape Ecological Risk Assessment
The results of the Monte Carlo analysis (Figure 8) show that the simulated and calculated risk values are similar under both high uncertainty (40%) as well as low uncertainty (20%). This implies that the graded assignment of land use degree and vulnerability of landscape types, is reasonable, and the model is generally applicable in the study area. Whereas under low uncertainty, the ratio of simulated risk to calculated risk is concentrated between 0.99 and 1.05, while under high uncertainty it is concentrated between 0.99 and 1.1; exceptions are the Dasha River Downstream and Xiangyang River watersheds. Results under low uncertainty are slightly better than those under high uncertainty, suggesting that the reliability of calculation values is higher under low uncertainty, and the possibility of bias increases as uncertainty increases [50] .
Moreover, under both uncertainties, the spatial distribution of simulated and calculated risk values, in the 58 watersheds, are essentially the same. Under low uncertainty, simulated values, in the east and north of the study area, are closer to calculated values, than they are in the west and southwest. Under high uncertainty, although results are more scattered, the difference between simulated and calculated risk values of the west and southwest is larger than that of the east and north. In general, simulated values under low uncertainty are more geographically concentrated than those under high uncertainty.
Sensitivity analysis, which is important for making recommendations for future monitoring and research, is conducted for two cases. The land use degree is divided into four levels (U-level), and the vulnerability of landscape type is divided into seven levels (V-level). The intervals are equidistant, and a higher level represents to a higher risk value. A variance contribution rate of 1% is set as the threshold in the sensitivity analysis, and under low uncertainty there are five major factors, with four under high uncertainty ( Figure 9 ). Two additional factors, the sixth factor under low uncertainty (V-level 2; level 2 in vulnerability of landscape type), and the fifth factor under high uncertainty (U-level 4; level 4 in land use degree), have a combined variance contribution rate of 0.76%, less than the threshold. A variance contribution threshold of 85% results in four major factors (with the highest sensitivity) under low uncertainty, and three major factors under high uncertainty. This suggests that the most sensitive factors are similar, showing only slight differences between low and high uncertainty. For example, under high uncertainty, the variance contribution rate of V-level 4 is 43.17%, nearly 5% different from that under low uncertainty; other factors show only approximately 2% difference in variance contribution rates between low and high uncertainties. Under both uncertainty scenarios, U-level 3 has a lower average variance contribution rate (24.69% for low uncertainty, and 26.40% for high uncertainty) than V-level 4 ( Figure 9 ). In addition, V-level 1, U-level 2, and U-level 3 all affect the simulated values to varying degrees. Overall, the impact of vulnerability of landscape type on simulated value is greater than that of land use degree. Considering that landscape types corresponding with V-level 4, V-level 1, and U-level 2 account for high area ratio in each watershed, it testifies that when grading assignments, ensuring which landscape types are most dominated in the watershed is essential for the accuracy of the simulated results. Sensitivity analyses also shows that under high or low uncertainty, the most sensitive factors change in only five watersheds, i.e., Yushuchuan River, Dongliao River Upstream, Weijin River Upstream, Lian River Upstream, and Dalishu River watersheds ( Figure 10 ). The most sensitive factors of over 90% of the watersheds are stable, indicating that the assignments of land use degree, and vulnerability of landscape types are reliable. From a regional perspective, in both uncertainty scenarios, the most sensitive factors change the most in the western region, such as Dalishu River and Lian River Upstream watersheds, whereas the factors are stable in the southern, northwestern, and eastern regions, implying that the assignments in these areas is the most reliable. 
Conclusions
Landscape ecological risk assessment is useful in representing landscape ecological security, which is a critical domain of landscape sustainability [50] [51] [52] . In the assessment process of this study, the higher landscape ecological risk means the more vulnerability and disturbance on the important landscape units relate to less benefit in the future. The result with high risk may suffer more damages in the future which threatens the sustainability of the landscape. Finally, a zoning to identify the spatial risk should be useful to prevent risks and support a sustainable landscape planning. In the former landscape ecological risk assessment studies, ecological disturbance and vulnerability have attracted much attention [53] . However, the concern for ecological importance is less than those two domains. In the study, on one hand, fragmentation of landscape has been introduced to modify the ecosystem services in the assessment of ecological importance, which is an improvement in the evaluation; on the other hand, the uncertainty of risk was often ignored in the former assessment, and the sensitivity analysis in this study may be a novelty in regional ecological risk study.
Mining areas are susceptible to damage through the economic development of mining cities, and the ecological risk posed by mining has gradually drawn increasing attention. Liaoyuan City, once the coal city of Jilin, is a typical mining city in that it has become a resource-exhausted city because of serious damage to its environment, caused by mining. In the mining process, the sustainability of landscapes is disturbed, and the specific ecological risks and uncertainties associated with this disturbance needs to be clarified. Our study of landscape ecological risk in Liaoyuan has found that areas with high probability of risk are mainly concentrated in the relatively flat terrain of the landscape. Not only cities, but also natural and semi-natural landscapes, contribute to ecological risk. Woodland and water dominated watersheds are high-risk areas, cropland-dominated watersheds are moderate-risk areas, and the watersheds with high proportion of built-up land are low-risk areas. Although the similarity of simulated and calculated values is higher under the low uncertainty scenario, in both scenarios, the spatial distribution of both sets of values among the watersheds are the same. Overall, vulnerability of landscape type has a higher impact on the simulated values than land use degree.
Landscape ecological risk assessment, based on the risk probability and ecological loss, directly guides the planning and restoration of landscapes by recognizing spatial structure, by contributing to regional risk management. One of the gaps in our study is that it is quantified through the relative value of ecological services for several landscape types within a watershed, rather than the calculation of an overall absolute value which may be compared among various regions. Another gap is the absence of information on how landscape patterns affect the per unit area value of ecosystem services. Thus, future research in the field of landscape sustainability needs to focus on quantifying landscape ecological risk in ecologically sensitive and fragile areas. It also needs to incorporate further robust analyses of uncertainty, which, although common in regional ecological risk assessment, is still relatively rare in the field of landscape ecological risk assessment. In addition, the directions for improving uncertainty analyses in landscape ecological risk assessment include: (1) analyzing multiple sources of uncertainty; (2) putting forward new methods that are particularly applicable for landscape ecological risk assessment [54] ; (3) using a grid system to carry out evaluation at grid scale, in order to improve the accuracy of assessing results [55] ; and (4) investigating more specifically the sensitivity of each parameter in the assessment model [56] .
